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esponsibility of ChinAbstract We report the observation of anomalous magnetic anisotropy driven by nonmagnetic ZrO2
nanoparticles in epitaxial La2/3Sr1/3MnO (LSMO) ﬁlms grown on LaAlO3 (LAO) substrates. The
compressive epitaxial strain imposed by the lattice mismatch of substrate and ﬁlm is tuned by the density
of ZrO2 nanoparticles embedded in the ﬁlm matrix and affects the magnetic anisotropy as well as the
magnetotransport properties.
Epitaxial 54 nm thick LSMO thin ﬁlms with different concentrations of ZrO2 nanoparticles demonstrate
anisotropic hysteresis loops concomitant with anisotropic magnetotresistance behavior. The biaxial
epitaxial strain, induced by the substrate/ﬁlm lattice parameter mismatch is partially relaxed by increasing
the density of precipitates and they serve as a tuning parameter for the strain state. We interpret our results
by a strain-induced interplay of impurity scattering, weak localization and magnetic domain structure.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.earch Society. Production and hostin
3
nstitute for Solid State Research,
ermany.
U. Habermeier).
ese Materials Research Society.1. Introduction
La2/3Sr1/3MnO (LSMO) is a prominent family member of semi-
metallic ferromagnetic manganites whose application potential in
thin ﬁlm form is determined by its relatively high Curie tempera-
ture, TCurie, of 370 K and its structural compatibility with many
functional perovskite-type materials such as high TC superconduc-
tors, ferroelectrics and dielectrics [1]. Driven by potential device
applications, e.g. in spintronics, a fundamental understanding of
interface strain generation and relaxation as well as its interrelation
with the magnetic properties, especially the magnetic anisotropy, isg by Elsevier B.V. All rights reserved.
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by aligning the magnetization in the lowest energy direction, hence
crystalline and magnetic anisotropy are coupled. Additionally,
because of the magneto–elastic coupling, elastic strain and
magnetic anisotropy are connected and the internal energy of a
magnetic crystal can be further minimized by lattice distortions.
The elastic energy is quadratic in strain whereas the gain in
magnetic anisotropy is linear, consequently local lattice distortions
(Jahn–Teller distortions of the oxygen octahedra and their tilting
and rotation) can emerge with an impact on the transport and
magnetic properties. Whereas bulk manganites show a small
magnetic anisotropy, in thin ﬁlms it differs substantially from
the bulk because of epitaxial strain in the ﬁlms. Arising from
manganite interfaces strain related peculiarities ranging from phase
separation to lattice distortions can occur [2]. The transport
properties of strongly correlated electron systems with ferromag-
netic order are therefore anisotropic and depend on the strain state
and the magnetic domain arrangement [3–9]. The spin-, charge-
and orbital ordering in manganites is extremely sensitive to local
structural changes and deviations away from the ideal cubic
perovskite result in a reduction of the band width. Biaxial epitaxial
strain promotes tetragonal distortions of the octahedral surround-
ing of the Mn3þ affecting the intrinsic Jahn–Teller effect, which in
turn has a strong impact on orbital ordering [3,10].
In this paper we explore the possibility to tune the biaxial
epitaxial strain in ultrathin LSMO thin ﬁlms by introducing
appropriate concentrations of nano-scaled non-magnetic ZrO2
particles as a secondary phase into the LSMO thin ﬁlm matrix.
As the density of ZrO2 particles increases, our results show a
gradual modiﬁcation of the average lattice parameters which in
turn tune the strain state and magnetic domain arrangement. This
novel approach provides a method to contribute to the clariﬁcation
of the physical mechanisms of strain and magnetic domain
anomalies in magnetically ordered strongly correlated electron
systems. Here we report on the novel resistivity and magnetic
anisotropy behavior found in thin epitaxial LSMO thin ﬁlms on
LAO substrate in the magnetic ﬁeld below 1 T. The experimental
data of resistivity vs. magnetic ﬁeld and magnetic moment vs.
magnetic ﬁeld relation were analyzed. We found that introducing
ZrO2 nanoparticles in LSMO thin ﬁlms not only weak localization
is enhanced, but also the strain state and magnetic domain
arrangements are tuned. Moreover, the observed magneticFig. 1 (a) X-ray diffraction pattern for the (h00) reﬂections of LSMO, LA
(b) High-resolution TEM image of the cross-sectional specimen of LSMO
marked with arrows.anisotropy is in good agreement with magneto–elastic contribu-
tions to the anisotropy in LSMO thin ﬁlms on LAO calculated
from experimentally determined biaxial epitaxial strain.2. Experimental details
Thin ﬁlms of (1−x) LSMOþxZrO2 were grown on 5 5 0.5
mm3 single-crystal (100)-oriented LaAlO3 (LAO) substrates using
standard PLD-techniques, as reported previously [11]. The thick-
ness of the thin ﬁlms was determined by pulse counting during the
PLD process and measured to be 54 nm using a Proﬁlometer as
well as during the preparation steps for High-Resolution Transmis-
sion Electron Microscopy (HR-TEM). The electrical resistance
was measured using four stripe contacts on unpatterened samples
with evaporated chromium/gold (20 nm/200 nm) pads as current
and voltage probes. Resistivity measurements were carried out in a
PPMS-9 (Quantum Design) system. The magnetic properties have
been measured in a vibrating sample SQUID magnetometer
(Quantum Design). All the experimental results are nicely repro-
ducible, using different samples from each run and measuring the
resistance with different heating/cooling rates. Ageing effects have
not been observed.
3. Results and discussion
In Fig. 1(a) the XRD patterns for samples deposited from targets
with 0, 3%, 6% and 20% ZrO2 additions are depicted. The ﬁlms
with a nominal ZrO2 volume fraction of 6% and less show in
addition to the (00l) LAO substrate peaks only (00l) peaks from
LSMO. In samples with 20% ZrO2, the c-axis lattice parameter
relaxes to the intrinsic bulk value and additional diffraction peaks
appear associated with ZrO2. The presence of nano-scaled ZrO2
precipitates is conﬁrmed by HR-TEM investigations. Fig. 1(b)
shows the cross-sectional HR-TEM image of a LSMO ﬁlms with
6% ZrO2 added. It clearly illustrates the cube on cube epitaxial
growth relation of the LSMO matrix in the interfacial region close
to the substrate and the appearance of nano-scaled ZrO2 clusters.
The interface in general is perfectly coherent and no notable misﬁt
dislocations were detected. It is evident that the ﬁlm has a uniform
LSMO structure. The temperature dependence of the resistivity of
the ZrO2-doped thin ﬁlms for temperatures below 40 K is shownO and ZrO2 nano-clusters. The red asterisks mark the ZrO2 reﬂections.
with 6% ZrO2 cluster thin ﬁlm on LAO in [001] zone. The interface is
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seen that the resistivity of LSMO without ZrO2 particles behaves
like a typical metal at low temperature, however, with a faint
indication of a resistance anomaly. The ZrO2-doped LSMO thin
ﬁlms show a distinct resistivity minimum at Tmin and an upturn for
ToTmin. The pure metallic behavior is expected in ﬁlms where the
mean free path l of the carriers is much larger than the Fermi
wavelength ΛF. In that case, the low temperature transport
properties are consistent with the semi classical Boltzman
approach. However, as the density of non-magnetic ZrO2 nano-
particles increases, a higher resistivity is measured arising from the
increase of the number of ZrO2 nano-precipitates which cause a
shorter mean free path. In a previous paper [11], the resistivity
upturn below 40 K was ascribed to interplay of weak localization
and electron-electron interaction effects. Weak localization is a
contribution due to quantum interference between two waves
propagating by multiple scattering along the same path but in
opposite directions, and electron-electron interaction arises from
the diffraction of one electron wave by the oscillation in the
electrostatic potential generated by other electrons for the different
applied magnetic ﬁelds.
In addition to the nano-scaled ZrO2 induced enhanced weak
localization effect in this system, an unexpected anisotropic
magnetoresistance inﬂuenced by the different strain states of ﬁlms
with different ZrO2 was observed. In Fig. 3 the magnetic ﬁeld
dependence of the magnetoresistivity at 2 K (Δρ¼ρH−ρH¼0) for
the ﬁeld range 0 T≤H≤1 T with H//ab and H//c, respectively,
represent the single-crystal LSMO thin ﬁlms with 0, 3%, 6% and
20% ZrO2. The data show two main features. First, there is a
pronounced anisotropy in the magnetoresistance that gets smaller
with increasing density of the ZrO2 nanoparticles. Second, for the
ﬁlms with precipitates, the magnetoresistance curves display a
hysteresis. For a further analysis, magnetization curves M(H) have
been measured at 4 K; the results are depicted in Fig. 4 with the
magnetic ﬁeld applied parallel (red) and perpendicular (blue) to the
thin ﬁlm plane for LSMO with 0%, 3%, 6% and 20% ZrO2,
respectively. We have observed a pronounced anisotropy of the
magnetization curves displaying a hysteresis which depends on the
density of precipitates. The saturation magnetization perpendicularFig. 2 Temperature dependence of resistivity obtained with the magnetic
LSMO with 0, 3%, 6% and 20% ZrO2, respectively.to the ﬁlm plane is larger than that of the in-plane measurement
and the shape of the curve indicates that the magnetic easy axis is
aligned perpendicular to the ﬁlm plane. Comparing the magnetiza-
tion and magnetotransport data it is striking, that the ﬁeld range
where hysteretic effects occur are quite similar in both cases. This
suggests that the magnetoresistance is strongly affected by the
magnetic domain structure and its magnetic ﬁeld dependence. Our
results provide experimental conﬁrmation of the tunability of the
anisotropic magnetoresistance in disordered ferromagnetic oxides
by nanoparticles.
Growth of epitaxial ﬁlms is always connected with the issue of
epitaxial strain determined by the difference between the lattice
constant of the ﬁlm material aF and the lattice constant of the
substrate aS according to ε¼ ðaS−aFÞ=aF [12]. Alberca et al. [3],
used εαα ¼ ðα−apÞ=apwith α¼a,b,c≡x,y,z (where a, b and c are lattice
parameter of thin ﬁlms, and ap is the pseuodocubic bulk value) to
determine the components of the epitaxial strain. To analyze the
ZrO2 precipitate-induced resistivity and magnetic anisotropy, we
calculated the lattice mismatch for different ZrO2 contents from
the room temperature XRD results as shown in Fig. 1. The data
show (c.f. Table 1) that with increasing ZrO2 particle density in the
ﬁlms, the c-axis approaches the bulk lattice constant LSMO. This
is a clear evidence of the tuning effect of the strain in the thin ﬁlms
with increasing ZrO2 particle density. The out-of-plane lattice
parameter was determined to be c¼3.9238 Å for pure LSMO.
With increasing density of ZrO2 precipitates, the c lattice
parameter has a slight decrease with 3.922 Å for 3% ZrO2, and
3.902 Å for 6% ZrO2, and expands to 3.924 Å for 20% ZrO2,
respectively. This indicates a compressive strain of the ﬁlms in-
plane (asubstrate¼3.79 Å, aLSMO-bulk¼3.876 Å). Compared with
the bulk lattice parameter, an in-plane biaxial compressive strain
with εxx¼εyy¼∼−0.61 to −0.33% and a corresponding out-of-
plane uniaxial tensile strain with εzz¼0.67∼1.24% was calculated.
It can be concluded that the thin ﬁlms with different density of
ZrO2 grown on LAO substrates are under a biaxial compressive
strain in the growth plane, induced by a 1.6 to 1.9% lattice
mismatch with the substrate. In samples with 20% ZrO2, the c-axis
lattice parameter relaxes to the original value and additional
diffraction peaks appear associated with ZrO2. Based on surface-ﬁeld (0 T) and (9 T) applied parallel to the thin ﬁlm plane for 54 nm
Fig. 3 Hysteresis cycles, Magnetic ﬁelds dependence of the magnetoresistivity (Δρ¼ρH−ρH¼0 H//ab and H//c) at 2 K of the single-crystal
LSMO thin ﬁlms with 0, 3%, 6% and 20% ZrO2, respectively.
Fig. 4 Hysteresis cycles (magnetic ﬁelds dependence of moment at 4 K obtained with the magnetic ﬁeld applied parallel (red) and perpendicular
(blue) to the thin ﬁlm plane) for 54 nm LSMO with 0, 3%, 6% and 20% ZrO2, respectively. The diamagnetic signal of the LaAlO3 substrate has
been subtracted.
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induces a compressive strain ﬁeld in the ﬁlm. The atoms of La2/
3Sr1/3MnO3 in the [100] and [010] directions are locked to those of
the LaAlO3 [001] and [010], respectively. Assuming an elastic
deformation where the unit cell volume of LSMO is preserved wecalculated a and b lattice constants, as shown in Table 1, where
additional strain related data are given. The observed in-plane
biaxial compressive and the corresponding out-of-plane uniaxial
tensile strain in the ﬁlms grown on LAO can explain the observed
perpendicular uniaxial anisotropy. The magnetic easy axis is along
Table 1 In-plane strain and the perpendicular strain for LSMO thin ﬁlm with 0, 3%, 6%, and 20% nano-scaled non-magnetic ZrO2
particles, respectively.
0 3% 6% 20%
Lattice constant (Å) a,b 3.85232 3.8531 3.86311 3.85227
c 3.9238 3.9222 3.9019 3.9239
Strain-mismatch (%) Compare LAOsubstrate a,b −1.6177 −1.63776 −1.89263 −1.61644
c −3.40996 −3.37056 −2.86783 −3.41242
Strain–distortion εαα (%) Compare LSMObulk a,b −0.61097 −0.5907 −0.332442 −0.612236
c 1.23323 1.19195 0.668215 1.23581
Remanence (10−4 emu) a,b 1.78 1.90 1.71 2.96
c 1.02 0.98 1.10 2.76
(a,b)/c 1.75 1.94 1.55 1.07
Coerviity (Oe) a,b 300 379 376 310
c 226 345 466 784
(a,b)/c 1.33 1.10 0.81 0.40
Ms (μB/Mn) 5.58 3.32 3.71 4.21
Compressive stress s ( 1010 dyne/cm2) −3.05 −2.95 −1.66 −3.06
Magnetostriction constant λ ( 10−4) 3.65 2.25 4.46 2.75
Anisotropy constant Ku ( 107) −1.67 −0.99 −1.11 −1.26
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magnetostriction in LSMO ﬁlms [15]. It is interesting to note that a
similar strain effect in La0.8Ca0.2MnO3 (LCMO) thin ﬁlms on
LAO substrate [16] has been found. To quantify the strain-induced
anisotropy of LSMO ﬁlms with different ZrO2 impurities, we can
estimate the magnetostriction constant λ and the uniaxial aniso-
tropy constant Ku according to the measured magnetic hysteresis
loops. The standard expressions for the anisotropy ﬁeld induced by
biaxial stress Han¼3λs/Ms and Ku¼3λs/2 [15,16] were used with
s as the biaxial stress in the ﬁlms, and Hs (saturation ﬁeld) along
magnetic hard axes were assumed to be approximately equal to
Han. The strain constant of LCMO was used to estimate the values
for LSMO thin ﬁlms. The observed ∼−0.33 to −0.61% in-plane
biaxial compressive strain corresponds to the compressive stress of
about ∼−1.6 to −3.1 10−5 dyne/cm2 using a Young's modulus
of 5 1012 dyne/cm2 [16,17]. So, we can obtain the λ and Ku
values to be 2.2 to 4.5 10−4 and −0.99 to 1.6 107 erg/cm3,
respectively, as shown in Table 1. The data are quite comparable
to those published in Refs. [16,18].
Generally, Mn atoms are located in a square of four vertices in
LSMO, and oxygen atoms positions in the middle of four sides in
the strain free case. However, considering the different size of the
Mn and O atoms, the Mn–O–Mn structure is deformed due to the
Jahn–Teller effects. Generally speaking, the A-site cations in
manganites are too small to maintain a stable cubic lattice and
the oxygen anion surrounding the Mn-site cations tilts to form
closer packing [19,20]. Particularly, this octahedral tilting shifts
the oxygen anion perpendicularly away from the midpoint between
Mn–Mn metal cations causing a reduction of the Mn–O–Mn bond
length and bond angle with the consequence of a modiﬁcation of
the value of the electron transfer integral. Taking the strain
induced by the substrate into account, the lattice structure has
four opposite sides in a compressive mode in the ab-plane, leading
to a further adjustment of the oxygen atom positions which in turn
affect the double exchange mechanism via bond angle and bond
position modiﬁcations of the Mn–O–Mn building block.The magnitude of the in-plane strain ε and the perpendicular
strain ε⊥ is important for the discussion of the magneto–elastic
contribution to the magnetic anisotropy [12,21–34]. A strain
analysis for the cases of general epitaxy is given in the review
by Jona and Marcus [35,36]. Our present investigation shows that
there exists a compress strain in plane and tensile strain out-of-
plane. The magnetic moment, as shown in Fig. 4, corresponds to a
quite standard ferromagnetic behavior and coincides with the easy
magnetic axis in c-axis and hard magnetic axis in the ab-plane.
That is consistent with the observation that the compressive strain
reduces the magnetic moment and the tensile strain enhances it.4. Conclusion
The La2/3Sr1/3MnO3 thin ﬁlm system with ZrO2 as impurity
particles provides an opportunity to tune the strain state of the
ﬁlms and to study the strain-dependent transport and magnetic
properties. In the present paper an anomalous magnetic anisotropy
was found driven by nonmagnetic ZrO2 nanoparticles in epitaxial
La2/3Sr1/3MnO (LSMO) ﬁlms grown on LaAlO3 (LAO) substrates.
We interpret our results by a strain-induced interplay of impurity
scattering, weak localization and magnetic domain structure
effects.
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